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ABSTRACT: Cell surface display technology, which expresses and anchors proteins on the surface of microbial cells, has broad
application prospects in many fields, such as protein library screening, biocatalysis, and biosensor development. However, traditional
cell surface display systems have disadvantages: the molecular weight of phage display proteins cannot be too large; bacterial display
lacks the post-translational modification process for eukaryotic proteins; yeast display is prone to excessive protein glycosylation and
misfolding of multisubunit proteins; and the compatibility of Bacillus subtilis spore display needs to be further improved. Therefore, it
is extremely valuable to develop an efficient surface display platform with strong universality and stress resistance properties.
Although yeast surface display systems have been extensively investigated, the establishment of a surface display platform using yeast
spores has rarely been reported. In this study, a novel cell surface display platform based on natural “chitosan beads” of yeast spores
was developed. The target protein in fusion with the chitosan affinity protein (CAP) exhibited strong binding capability with
“chitosan beads” of yeast spores in vitro and in vivo. Moreover, this protein display system showed highly preferable enzymatic
properties and stability. As an example, the displayed LXYL-P1-2-CAP demonstrated high thermostability and reusability (60% of
the initial activity after seven cycles of reuse), high storage stability (75% of original activity after 8 weeks), and excellent tolerance to
a concentration up to 75% (v/v) organic reagents. To prove the practicability of this surface display system, the semisynthesis of
paclitaxel intermediate was demonstrated and its highest conversion rate was 92% using 0.25 mM substrate. This study provides a
novel and useful platform for the surface display of proteins, especially for multimeric macromolecular proteins of eukaryotic origin.
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■ INTRODUCTION

Cell surface display is a recombinant technology that expresses
and anchors the target protein on the surface of microbial cells.
The displayed protein on the surface maintains a relatively
independent spatial structure and biological activity.1 This
technique exhibits a wide range of applications in many fields,
such as nanobody screening,2,3 biocatalysis,4−6 biosensor
development,7,8 aquaculture,9 and environmental repair.10−12

Compared with traditional whole-cell catalysis containing
intracellular enzymes, the expression of enzymes on the cell
surface is advantageous because transmembrane transport of
the substrate and product is not needed, thereby reducing the
mass transfer limitation and improving the catalytic efficiency.
Currently, the host cells for surface display are mainly

concentrated in phage,13−15 bacteria,16−22 yeast,6,23−29 and
Bacillus subtilis spores.30−34 However, any traditional cell
surface display system has shortcomings. The molecular weight
of the polypeptide or protein displayed on the phage cannot be
too large; otherwise, it will affect the assembly and infection of
the phage. Although the protein molecular mass displayed by
the bacterial surface is improved, bacterial display lacks the
process of post-translational modification of eukaryotic
proteins.35 Yeast display is prone to excessively high mannose
glycosylation effects, and multisubunit proteins may be
inactivated.36 Although B. subtilis spore display has strong
stress resistance,37 the compatibility of protein expression
needs to be further improved.10 Therefore, it is highly valuable

to construct an efficient and stable surface display system with
strong universality and good stress resistance properties.
Baker’s yeast, Saccharomyces cerevisiae, is generally recog-

nized as a safe (GRAS) microorganism and is widely used in
the food industry.38 Although yeast surface display has been
extensively studied, the construction of a surface display system
based on yeast spores is rarely reported. Under starvation
conditions, vegetative yeast cells (diploid) initiate the meiosis
program and produce dormant cells termed spores (hap-
loid).39,40 Different from the vegetative yeast cell wall, which is
composed of a β-glucan and mannan two-layer structure,41 the
spore wall of yeast contains a four-layer structure: mannan,
glucan, chitosan, and dityrosine layers (from inside to outside).
In particular, the outer two layers, chitosan and dityrosine, are
unique structures of the spore wall, which is essential for the
enhanced stress resistance properties of spores.42,43 In addition
to high safety, yeast spore surface display also has special
advantages. First, proteins can be successfully displayed on the
spore surface without the process of passing through the cell
membrane, significantly improving the protein folding and
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display efficiency. Second, proteins with high molecular
weights or multisubunit structures can be efficiently displayed,
avoiding possible inactivation using conventional surface
display. Third, the unique stress resistance of yeast spores
endows the tolerance of displayed proteins to multiple ambient
pressures.
Interestingly, the spore wall of yeast is assembled de novo

from inside to outside. For instance, the outermost layer of
dityrosine is formed only after the assembly process of the
second outermost layer of chitosan is completed. When the
DIT1 gene, which is required for dityrosine synthesis, is
disrupted, the dityrosine layer cannot be formed, leading to
chitosan layer exposure to the spore surface.44 In our previous
study, we established a nonhazardous biological approach for
preparing natural “chitosan beads” based on dit1Δ mutant
spores. Furthermore, the pure model enzymes β-galactosidase
and D-psicose-3-epimerase were individually displayed on the
surface of spore chitosan beads by activating the amino groups
of chitosan using glutaraldehyde.44,45 However, this method
has disadvantages such as requiring the preparation of pure
enzymes and the chemical agent glutaraldehyde for coupling.
In this study, we developed a novel protein surface display
system based on spore “chitosan beads”. The target protein in
fusion with the chitosan affinity protein (CAP) could be
efficiently expressed and stably displayed on the surface of
spores. Furthermore, the practicability of this surface display
system was demonstrated for the semisynthesis of the
paclitaxel intermediate.

■ MATERIALS AND METHODS
Strains and Plasmids Construction. The Escherichia coli DH5α

strain was adopted for plasmid propagation and construction, and the
E. coli BL21 (DE3) strain was used for protein expression. The genes
for protein expression in BL21(DE3) were inserted into the pET28a
plasmid and fused with a 6× His tag for protein purification. The gene
csn encoding a chitosanase (CSN) was cloned from B. subtilis 168, and
the mutant csn gene (csnE54Q) was obtained by site-specific
mutagenesis using the Fast Mutagenesis System (TransGen Biotech,
Beijing, China). The α-galactosidase (MEL1) gene without the self-
signal peptide sequence was cloned from S. cerevisiae AN109. The β-
xylosidase gene from Lentinula edodes (LXYL-P1-2) was synthesized
by BGI technology (Beijing, China), and the mutant LXYL-P1-2 gene
was obtained by site-specific mutagenesis. All S. cerevisiae strains used
for sporulation in this research were in a fast-sporulating SK-1
background. To express the target protein on the surface of chitosan
beads of S. cerevisiae spores, the signal peptide sequence (ss) of the
Spr1 protein was fused with the N-terminus of the target protein and
inserted into the pRS426 plasmid with a strong TEF1 promoter. All
strains used in this study are summarized in Table 1 and were
cultured as previously described.40 The primers and recombinant
plasmids are listed in Tables S1 and S2, respectively.

Overexpression and Purification of Related Enzymes in E.
coli. The recombinant plasmid pET28a-csnE54Q was transformed into
E. coli BL21 (DE3) to overexpress the CAP protein. A single colony
containing the pET28a-csnE54Q plasmid was inoculated into 5 mL of
LB medium with kanamycin (50 μg/mL) at 37 °C overnight. Then, 1
mL of the seed culture was transferred to 100 mL of LB medium
containing 50 μg/mL kanamycin at 37 °C and 220 rpm. When the
OD600 of the cell culture reached 0.6−0.8, isopropyl β-D-1-
thiogalactopyranoside (IPTG) with a final concentration of 0.1 mM
was added for CAP expression at 16 °C for 20 h. Next, the cells were
collected by centrifugation at 9000 g for 5 min and resuspended in 50
mM Tris-HCl buffer (pH 7.5) for ultrasonication on ice. The
supernatant of the crude enzyme was obtained by centrifugation at
12 000g for 30 min and loaded onto Ni2+-NTA resin. The His-tagged
CAP was eluted with 50 mM Tris-HCl buffer (pH 7.5) containing
500 mM imidazole. Finally, the purified enzyme was concentrated and
desalted by an Amicon ultracentrifugal filter (10 kDa) using 50 mM
Tris-HCl (pH 7.5). The purified CAP was preserved in 10% glycerol
solution (v/v) at −20 °C for further use. The protein concentration
was determined using a BCA Protein Assay Kit. The overexpression
and purification of other recombinant proteins (CSN, GFP, or GFP-
CAP) were carried out following a similar procedure as described
above. The expression levels and purities of all related enzymes were
detected by SDS-PAGE analysis. To detect the activity of CAP or
CSN, the substrate chitosan was suspended in sodium acetate buffer
(50 mM, pH 5.5) with a final concentration of 0.5% (wt/v). Then, the
purified protein (CAP or CSN) was added at a final concentration of
0.2 mg/mL. The reaction was incubated at 50 °C for 20 min and
stopped by boiling for 10 min.46 The hydrolysate was qualitatively
analyzed by thin-layer chromatography (TLC).47

Evaluation of the Binding Ability of CAP to the Surface of
dit1Δ Spores. To evaluate the binding ability of CAP to the surface
of dit1Δ spores in vitro, the pure fusion protein GFP-CAP with a final
concentration of 0.1 mg/mL in 200 μL of sodium acetate buffer (50
mM, pH 5.5) was mixed with 1 mg of purified dit1Δ spores and
incubated at 25 °C and 800 rpm for 1 h. Then, the spores were
washed using PBS three times (10 min each time). The fluorescence
images for the localization of GFP-CAP protein were acquired using a
laser confocal microscope model C2 with an excitation wavelength of
485 nm and an emission wavelength of 528 nm (Nikon, Tokyo,
Japan). To quantify the fluorescence intensity of GFP located at the
surface of dit1Δ spores using a microplate reader, the spores were
resuspended in 200 μL of sodium acetate buffer (50 mM, pH 5.5) and
transferred to 96-well plates. To ensure reliability, the value of
fluorescence intensity was normalized to the OD660 of spores. To
evaluate the binding ability of CAP to the surface of dit1Δ spores in
vivo, the recombinant plasmids pRS426-TEFpr-ss-gf p-csnE54Q,
pRS426-TEFpr-ss-gf p-csn, and pRS426-TEFpr-ss-gf p were trans-
formed into the S. cerevisiae dit1Δ mutant strain. As a negative
control, the plasmid pRS426-TEFpr-ss-gfp-csnE54Q was also trans-
formed into the S. cerevisiae chs3Δ mutant strain. The processes for
the sporulation of the corresponding strains and isolation of spores
were carried out as previously described.40 For the binding stability
assay, the corresponding spores after lyophilization (1 mg) were

Table 1. Strains Used in This Study

strains genotype source

BL21(DE3) F− Omp Thsd ThsdSB (rB-mB-) gal dcm (DE3) lab
stock

S. cerevisiae AH109 MATa trp1-901 leu2-3 112 ura3-52 his-200 gal4Δ gal80Δ LYS2::GAL1UAS-GAL1TATA-HIS3
MEL1 GAL2UAS-GAL2TATA-ADE2 URA3::MEL1UAS-MEL1TATA-lacZ

lab
stock

S. cerevisiae AN120
(wild-type)

MATα/MATa ARG4/arg4-NspI his3ΔSK/his3ΔSK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 RME1/rme1::LEU2 trp1::hisG/
trp1::hisG ura3/ura3

lab
stock

S. cerevisiae AN262
(chs3Δ)

MATα/MATa ARG4/arg4-NspI his3ΔSK/his3ΔSK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 RME1/rme1::LEU2 trp1::hisG/
trp1::hisG ura3/ura3 chs3Δ::his5+/ chs3Δ::his5+

44

S. cerevisiae HW83
(osw2Δ)

MATα/MATa ARG4/arg4-NspI his3ΔSK/his3ΔSK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 RME1/rme1::LEU2 trp1::hisG/
trp1::hisG ura3/ura3 osw2Δ::his5+/osw2Δ::his5+

40

S. cerevisiae HW3
(dit1Δ)

MATα/MATa ARG4/arg4-NspI his3ΔSK/his3ΔSK ho::LYS2/ho::LYS2 leu2/leu2 lys2/lys2 RME1/rme1::LEU2 trp1::hisG/
trp1::hisG ura3/ura3 dit1Δ::his5+/dit1Δ::his5+

44
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washed three times using PBS containing 0.1% Triton X-100. The
fluorescence images were observed using a laser confocal microscope
as described below. The ascospores or purified spores were
resuspended in PBS and the number of spores was kept ranging
from 1.26 × 107 to 1.85 × 107. The samples were observed under a
100× oil-immersed confocal microscope. All microscopy images were
obtained from three independently repeated experiments, and each
group of images was guaranteed to be taken under the same
fluorescence intensity and the same exposure time.
Western Blot Analysis. The purified spores (5−10 mg) were

suspended in 300 μL of 8 M urea and treated with a freeze grinding
machine for 20 min. The supernatant containing 100 μg protein
obtained after centrifugation (4000g) was used for western blot
analysis (5% concentrated gel and 10% separating gel). To analyze the
glycosylation level of the protein, PNGase F was added to the
supernatant to remove the glycan from the protein. The primary
antibody was a mouse anti-HA/FLAG antibody (TransGen Biotech,
Beijing, China) with a dilution ratio of 1:5000. The secondary
antibody was horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (TransGen Biotech, Beijing, China) with a dilution ratio
of 1:5000. The GAPDH antibody was used as an internal reference
(Proteintech). The Clarity Western ECL substrate (Bio-Rad,
Shanghai, China) was adopted to visualize the signals, and
ImageQuant LAS4000 (GE Healthcare Bio-Science, Uppsala,
Sweden) was applied to obtain the images.
α-Galactosidase (MEL1) Activity Assay. The activity of MEL1

was determined by measuring the generation of p-nitrophenol (pNP)
using p-nitrophenyl-α-D-galactopyranoside (pNPG) as the substrate as
described previously.48 The standard reaction system was performed
as follows: 2 mg of freeze-dried purified spores displaying MEL1 were
suspended in 150 μL of citrate buffer (50 mM, pH 3.0) and preheated
at 40 °C for 5 min. Then, 50 μL of pNPG (20 mM) was added and
incubated at 40 °C for 10 min. To stop the reaction, 800 μL of
sodium carbonate (250 mM) was added. Then, the supernatant was
collected by centrifugation, and the amount of pNP released from
pNPG was calculated by measuring the absorbance at 405 nm with a
microplate reader. One enzyme unit (U) was defined as the amount
of enzyme that produced 1.0 μmol of pNP from its substrate pNPG
per minute. To detect the activity of free MEL1 in the culture
supernatant, the supernatant was concentrated 100-fold with an
Amicon-Ultra ultrafiltration tube (30 kDa). The effect of temperature
on the activity of displayed MEL1 was examined using the standard
reaction system described previously at different temperatures from
25 to 60 °C. The effect of pH on the activity of displayed MEL1 was
investigated in 50 mM buffer from 1.0 to 10.0 (citrate buffer (pH
1.0−5.0); phosphate buffer (pH 6.0−7.0); Tris-HCl buffer (pH 8.0−
10.0)). The reactions catalyzed by free MEL1 were used as a control.
For the reusability assay, spores displaying MEL1 were recovered
from the solution after each round of the reaction by centrifugation at
7000g for 5 min and extensively washed using 50 mM citrate buffer
(pH 3.0) before the reaction was repeated.
β-Xylosidase (LXYL-P1−2) Activity Assay. The activity of

LXYL-P1-2 was determined by measuring the amount of pNP
produced from the substrate p-nitrophenyl-β-D-xylopyranoside (pNP-
Xyl).49 The reaction was carried out as follows: 2 mg of freeze-dried
purified spores was suspended in 150 μL of sodium acetate buffer (50
mM, pH 4.5) and preheated at 50 °C for 5 min. Then, 50 μL of pNP-
Xyl (20 mM) was added and incubated at 50 °C for 20 min. To stop
the reaction, 800 μL of sodium carbonate (0.25 M) was added to the
solution. The generation of pNP was monitored by measuring the
absorbance at 405 nm using a microplate reader. One enzyme unit
(U) was defined as the amount of enzyme that produced 1.0 nmol of
pNP from pNP-Xyl at 50 °C, pH 4.5, per minute.
To detect the bioconversion of 7-β-xylosyl-10-deacetyltaxol (XDT)

to 10-deacetyltaxol (DT) by surface-displayed LXYL-P1-2 for
semisynthesis of paclitaxel, the standard reaction system (300 μL)
was as follows: 50 mM sodium acetate buffer (pH 4.0) containing 0.5
mM XDT (dissolved in DMSO) and 6 mg of freeze-dried purified
spores displaying LXYL-P1-2. The reaction was carried out at 45 °C
overnight with shaking and terminated by adding ethyl acetate to

extract the substrate and product.50 The extracted solution was blown
dry with nitrogen and reconstituted in anhydrous acetonitrile. The
conversion rate of DT was analyzed by HPLC, and the detection
conditions were as follows:49 Waters Symmetry C18 column (4.6 mm
× 250 mm, 5 μm), water-acetonitrile mobile phase (gradient, 0−12
min, acetonitrile volume 30−38%; 12−45 min, acetonitrile volume
38−52%), flow rate 1 mL/min, column temperature 26 °C, detection
wavelength 230 nm.

Enzymatic Properties of LXYL-P1-2-CAP on the Spore
Surface. To determine the effect of temperature on the activity of
LXYL-P1-2-CAP displayed on the spore surface, the reaction was
performed from 30 to 60 °C using 0.25 mM XDT as the substrate and
free LXYL-P1-2 enzyme as a control. The effect of pH on the
reactions was carried out in 50 mM buffers with pH values ranging
from 3.0 to 6.5 (NaAc buffer (pH 3.0−5.5), sodium phosphate buffer
(pH 6.0−6.5)) at 50 °C using free LXYL-P1-2 as a control. Next, the
time courses for the conversion rates of DT were monitored by HPLC
using different concentrations of XDT from 0.25 to 1 mM under
optimized reaction conditions. Additionally, the reusability of
displayed LXYL-P1-2-CAP or LXYL-P1-2 on the spore surface was
evaluated in seven cycles of use. In each cycle, 20 g/L purified spores
were mixed with 0.25 mM XDT in 50 mM sodium acetate buffer (pH
4.0) and incubated at 50 °C for 2 h. After the reaction was completed,
the residual activity was measured. Before the next round of reaction
was initiated, the spores were recovered by centrifugation and washed
thoroughly with sodium acetate buffer (pH 4.0). The initial activity
was defined as 100%, and the residual activity of each cycle was
calculated according to the initial activity.

Stress Resistance of LXYL-P1-2-CAP Displayed on the Spore
Surface. For the proteinase K tolerance assay, purified spores
displaying LXYL-P1-2-CAP and free enzyme were resuspended in 50
mM Tris-HCl buffer (pH 7.5) containing 10 mM CaCl2 and 8 U/mL
proteinase K at 37 °C for 1 h. The activity of untreated spores or free
enzyme was defined as 100%, and the residual activity was calculated
according to the activity without treatment. For the long-term storage
stability assay, the purified spores displaying LXYL-P1-2-CAP and free
enzyme were placed in a dry environment at ambient temperature for
eight and four weeks, respectively. The hydrolytic activities were
measured every week using pNP-Xyl as the substrate. Additionally, the
equivalent amount of spores or free enzyme stored at −20 °C was
used as a control each time. For the organic reagent tolerance assay,
the purified spores displaying LXYL-P1-2-CAP and free enzyme were
resuspended in 75% (v/v) various organic reagents (acetonitrile,
ethanol, ethyl acetate, ether, trichloromethane, toluene, cyclohexane,
n-hexane or petroleum ether) and incubated at 25 °C for 24 h. Then,
the residual activities were detected using XDT as the substrate as
described above.

Cold Field Emission Scanning Electron Microscope (CFE-
SEM) Imaging. To observe the surface of dit1Δ spores displaying
LXYL-P1-2-CAP, freshly purified spores were suspended in water or
purified spores after lyophilization were treated with 75% acetonitrile
or anhydrous acetonitrile for 12 h at room temperature and then
centrifuged. The samples were fixed with 5% glutaraldehyde at 4 °C
overnight. Then, the fixed samples were rinsed several times with 0.1
M phosphate buffer. Next, the samples were dehydrated with different
concentrations of ethanol (30, 50, 70, 90, and 100%), followed by
critical point drying (CPD-300 LEICA company) and ion sputtering
(ACE-600 LEICA company). Finally, the treated samples were
observed by CFESEM (SU8220 HITACHI company).

■ RESULTS AND DISCUSSION
CAP Exhibited Strong Binding Capability with

“Chitosan Beads” In Vitro. To develop an efficient surface
display system based on these natural “chitosan beads” of yeast
spores, seeking a chitosan affinity protein (CAP) that could
efficiently bind to dit1Δ spores was one of the prerequisites.
Chitosanases can interact with their substrate chitosan and
degrade chitosan into chitooligosaccharide. Therefore, it was
feasible that CAPs could be acquired by retaining chitosan
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binding domains of chitosanases and mutating key amino acid
residues located at catalytic domains.51 Under this assumption,
we focused on the chitosanase (CSN) from B. subtilis 168, and
the catalytic glutamic acid residue at position 54 (information
from UniProt database) was mutated to glutamine by site-
directed mutagenesis. This chitosanase mutant CSNE54Q was
overexpressed in E. coli and obtained with high purity
according to SDS-PAGE analysis (Figure S1A). Next, the
hydrolytic activity of CSNE54Q was evaluated by TLC analysis
using chitosan as the substrate and a chitooligosaccharide
mixture (GlcN)1-(GlcN)6 as a reference standard. As shown in
Figure S1B, the hydrolytic activity of CSNE54Q was significantly
reduced, and the products were a small amount of (GlcN)3
and oligosaccharides with a higher degree of polymerization. In
contrast, the hydrolyzed products for wild-type CSNBs were a
large amount of (GlcN)2-(GlcN)3 oligosaccharides. Therefore,
the mutated enzyme CSNE54Q was considered as a CAP. To
evaluate the binding capability of CAP to dit1Δ spores in vitro,
GFP was fused at the N-terminus of CAP, and the fusion
protein GFP-CAP was expressed in E. coli and purified by
nickel affinity chromatography (Figure S1C). Then, the
purified GFP-CAP protein was incubated with dit1Δ spores,
and confocal fluorescence microscopy illustrated that the
fluorescence intensity of GFP-CAP bound to dit1Δ spores was
much higher than that of GFP only (Figure 1A,B).
Interestingly, the fluorescence intensity was not significantly
decreased even after washing with PBS (Figure 1B). The
possible explanation was that GFP fusion with CAP could
strongly associate with the chitosan layer, and GFP without
fusion with CAP showed weak binding capacity to the chitosan
layer by weak electrostatic interactions. These results indicated
that CAP played a decisive role and exhibited strong binding
capability to “chitosan beads” in vitro.
CAP Showed Good Binding Capability with “Chito-

san Beads” In Vivo. To evaluate the binding capability of
CAP to “chitosan beads” of dit1Δ spores in vivo, CAP
containing an N-terminal signal peptide was expressed in dit1Δ
spores using wild-type CSN as a control. After confirming the
expression of CAP and CSN by western blot analysis (Figure
2A), the localization of CAP was further investigated by fusion
expression with GFP. As illustrated in Figure 2B, the green

fluorescence of GFP-CAP protein could be observed around
the surface of spore wall, while the fluorescence of GFP-CSN
and free GFP was dispersed in the cytoplasm of the spore
ascus. It was worth noting that a certain amount of GFP-CAP
protein was located in the center of spores, although the reason
for this orientation was unclear. To prove that the binding
capability of CAP was dependent on the chitosan layer of the
dit1Δ spore wall, the fusion protein GFP-CAP was expressed
in chs3Δ spores. Different from dit1Δ spores, the spore wall of
chs3Δ spores has two layers, and the outermost layer is the β-
glucan layer.44 As shown in Figure 2B, the fluorescence of
GFP-CAP in chs3Δ spores was also dispersed in the cytoplasm
of the ascus, which confirmed our hypothesis. To assay the
binding stability of CAP toward the chitosan layer of the spore
wall, the ascus of dit1Δ spores was disrupted, and the released
spores were further purified and washed with PBS. As shown in
Figure 2C, the fluorescence of GFP-CAP protein in dit1Δ
spores was almost completely retained on the spore wall after
washing, while the fluorescence from the control groups was
nearly completely washed off. These results demonstrated that
CAP exhibited good binding capability with the dit1Δ spore in
vivo and could be used in the surface display system in the
following study.

Verification of the Established Surface Display
Platform Based on “Chitosan Beads”. To verify the
performance of this surface display system, the secreted form
MEL1 fused with the N-terminus of CAP was used as a model
enzyme. According to western blot analysis, the control protein
MEL1 and the fusion protein MEL1-CAP were both expressed
in “chitosan beads” of dit1Δ spores. However, the protein
molecular weights were higher than the theoretical values
(Figure 3A), indicating that MEL1 was glycosylated. As we
expected, the molecular weights of MEL1 protein were
decreased to the theoretical values after the removal of the
N-glycan by PNGase F (Figure 3B). Next, the enzyme activity
of MEL1-CAP displayed on the surface of the dit1Δ spore was
examined. As shown in Figure 3C, the activity of MEL1-CAP
in dit1Δ spores was approximately 3.17 times higher than that
of MEL1 without CAP. To clarify the reason, the enzyme
activity in the sporulation medium (supernatant of KAc
medium) was also tested, and the total enzyme activity was

Figure 1. Evaluation of the binding ability of CAP with dit1Δ spores in vitro. (A) Binding strength of GFP-CAP/GFP with dit1Δ spores after
washing in vitro. Spores were observed under a bright-field (BF) or laser confocal (GFP) microscope. Bar, 5 μm. (B) Comparison of the
fluorescence intensity of dit1Δ spores incubated with GFP/GFP-CAP proteins before and after washing.
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calculated. As shown in Figure 3D the activity of MEL1
without CAP in the KAc medium was approximately 3 times
higher than that of MEL1-CAP, but the total enzyme activities
for MEL1-CAP and MEL1 were almost equivalent. The
explanation for this phenomenon was that MEL1 in fusion
with CAP was tightly bound to the chitosan layer, which
significantly increased the activity of the enzyme displayed on
the surface of “chitosan beads”. Simultaneously, the leakage of
the MEL1-CAP fusion protein into the sporulation medium
was greatly decreased.
Next, the enzymatic properties of MEL1-CAP displayed on

the spore surface were evaluated using free MEL1 as a control.
The optimum temperatures of displayed MEL1-CAP and free
MEL1 were both 40 °C. When the temperature was higher
than 40 °C, the displayed enzyme showed higher activity
(Figure S2A). In addition, the displayed and free enzymes both
exhibited the highest activity at pH 3.0. In contrast to free
MEL1, MEL1-CAP displayed on the spore surface could
tolerate a broader range of pH values and efficiently catalyze

the reaction from pH 2.0−4.0 (Figure S2B). Furthermore, the
reusability of the displayed MEL1-CAP was evaluated using
the displayed MEL1 without CAP fusion as a control. As
shown in Figure S2C, MEL1 in fusion with CAP exhibited
good reusability, and 75% of the initial activity was maintained
after five rounds of reuse. In contrast, the reusability of MEL1
was unsatisfactory, and less than 50% of the initial activity was
retained after an equal number of reuses. Together, these
results suggested that CAP could be used as a potential scaffold
protein to efficiently display various proteins on the surface of
“chitosan beads”.

Surface Display of LXYL-P1-2-CAP Using “Chitosan
Beads” and Its Potential Application in Paclitaxel
Intermediate Production. To demonstrate the practicability
of this surface display system, a β-xylosidase named LXYL-P1-
2, which is involved in the key reaction step for the production
of paclitaxel, was selected. LXYL-P1-2 catalyzes the conversion
of 7-β-xylosyl-10-deacetyltaxol (XDT) to 10-deacetyltaxol
(DT) by releasing the D-xylosyl group at the C-7 position,
and DT can be further converted to paclitaxel by an
acetyltransferase.52 As a tetrameric macromolecular protein,53

LXYL-P1-2 has 10 glycosylation sites, and the molecular
weight is approximately 110 kDa after glycosylation (Figure
4A). To date, the cell surface display of LXYL-P1-2 in
microorganisms has not been achieved because of its high
molecular weight and complicated structure. Different from
traditional cell surface display systems, proteins are not
required to be transported across the membrane for the
surface display platform using yeast spores, which is advanta-
geous for displaying complex proteins in their active form.
LXYL-P1-2 was first expressed in three different types of spores
(dit1Δ, osw2Δ, and wild-type AN120), and the results showed
that dit1Δ spores had the highest activity (Figure S3), which
was consistent with our previous study.43

Then, LXYL-P1-2 was fused with CAP at the N-terminus to
replace MEL1 as described above. The expression of LXYL-P1-
2-CAP in “chitosan beads” was examined by Western blot
assay. As shown in Figure 4A, the expression level of LXYL-P1-
2-CAP was much higher than that of LXYL-P1-2 without CAP,
which could be explained by the fact that more protein was
bound to the spore wall due to the interaction of CAP with the
chitosan layer. To verify that LXYL-P1-2-CAP was displayed
on the spore surface, freshly purified spores were observed by
CFESEM. Compared with the dit1Δ spores expressing the
empty vector, the dit1Δ spores displaying LXYL-P1-2-CAP on
the surface were larger and had a rougher surface (Figure 4B),
indicating that the target proteins were enriched on the spore
surface.
Next, the activity and conversion rate of spores displaying

LXYL-P1-2 were detected. As shown in Figure 4C,D, the
activity and conversion rate of LXYL-P1-2-CAP were 1.67
times and 1.65 times higher than those of LXYL-P1-2,
respectively, which was attributed to the increased amount of
protein bound to the spore wall. A previous study showed that
the activity of the LXYL-P1-2 mutant (S449A) was obviously
improved in Pichia pastoris.53 Inspired by this result, an LXYL-
P1-2 mutant (S449A) was constructed and displayed on the
surface of dit1Δ spores. Compared with LXYL-P1-2-CAP, the
activity of LXYL-P1-2(S449A)-CAP was increased by 1.71-fold
against pNP-Xyl (Figure 4C), and the conversion rate of this
mutant was also improved from 55 to 81% against XDT
(Figure 4D). Therefore, “chitosan beads” displaying LXYL-P1-
2(S449A)-CAP were used in the following study. Moreover,

Figure 2. Evaluation of the binding ability of CAP with dit1Δ spores
in vivo. (A) Western blot detection of CAP (34 kDa) expression in
dit1Δ spores. dit1Δ(−) harboring the empty plasmid, dit1Δ(CSN)
and dit1Δ(CAP) representing dit1Δ spores expressing CSN and CAP,
respectively. (B) Localization of GFP-CAP in dit1Δ spores. (C)
Binding ability of GFP-CAP with dit1Δ spores after washing in vivo.
Spores were observed under a bright-field (BF) or laser confocal
(GFP) microscope. Bar, 5 μm.
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the reaction product DT catalyzed by spore surface-displayed
LXYL-P1-2 was confirmed by HPLC and MS (Figure S4A,B).
LXYL-P1-2-CAP Displayed on the Spore Surface

Exhibited Preferred Enzymatic Properties. Immobilized
enzymes with improved enzymatic properties are highly valued
in industries and have become a benchmark for evaluating the
performance of biocatalysts.54 As shown in Figure 5A, the
optimum temperature of LXYL-P1-2-CAP displayed on the
spore surface was 50 °C, which was quite similar to that of free
enzyme. However, the spore displaying LXYL-P1-2-CAP
showed higher activities at elevated temperatures, indicating
an increased thermostability of spore-displaying enzyme. The
possible reason was that the covalent bond formation between
the enzyme and chitosan layer was capable of increasing the
conformational rigidity of the enzyme and the activation
energy of the thermal denaturation reaction.55 The pH is
another key factor for enzymes to maintain their catalytic
activity because the ionic charge of amino acids may influence
the enzymatic conformation.56,57 For the spore surface
displaying LXYL-P1-2-CAP, the optimum pH was 4.0, which
is more acidic than the optimum pH of 4.5 of the free enzyme
(Figure 5B). The displayed LXYL-P1-2-CAP showed better
acid resistance since its relative activities at pH 3.0 and 3.5
were maintained at nearly 40% and 100% of the highest
activity, respectively, whereas the free enzyme maintained only
9 and 52% of the highest activity at the same pH values. For
the time courses of DT synthesis, the conversion rate at
equilibrium decreased gradually with increasing substrate
concentration, and the highest conversion rate was 92%
using 0.25 mM XDT (Figure 5C). For the reusability assay, the
activity of spores displaying LXYL-P1-2-CAP retained more

than 60% of the initial activity after seven cycles of reuse, while
the activity of LXYL-P1-2 without CAP was less than 20% of
the initial activity under the same processing conditions
(Figure 5D). These results proved that the scaffold protein
CAP not only increased the amounts of enzymes bound to the
spore surface but also effectively improved the reusability of
enzymes displayed on the spore surface.

LXYL-P1-2-CAP Displayed on the Spore Surface
Exhibited Higher Resistance to Environmental Stresses.
Proteinase K is a powerful proteolytic enzyme that can strongly
digest proteins, including enzymes. First, the resistance of the
spore wall to proteinase K was evaluated. As shown in Figure
6A, the activity of free LXYL-P1-2 was reduced to 35% of the
initial activity after the treatment. It is worth noting that spores
displaying LXYL-P1-2-CAP still exhibited 70% residual
activity. This finding proved that the chitosan layer alone
could also resist degradation by proteinase K toward the
displaying enzyme to a certain extent. Storage stability is one of
the main factors limiting the industrial application of
immobilized enzymes. As shown in Figure S5, the residual
activity of LXYL-P1-2-CAP displayed on the spore surface was
still maintained at approximately 75% after 8 weeks. In
contrast, the activity of free LXYL-P1-2 remained at less than
40% after 4 weeks.
In addition, the tolerance of LXYL-P1-2-CAP displayed on

the spore surface to various organic reagents was verified using
free LXYL-P1-2 as a control (Figure 6B). The relative activity
of spores displaying LXYL-P1-2-CAP treated with NaAc buffer
(pH 4.0) was set to 100%. As shown in Figure 6B, the spore
displaying LXYL-P1-2-CAP was capable of resisting various
organic solutions with a concentration up to 75% (v/v), and

Figure 3. MEL1 was used as a model enzyme to verify the performance of the surface display system. (A) Western blot detection of MEL1 (57
kDa) and MEL1-CAP (82 kDa) expression in dit1Δ spores using GAPDH as an internal reference. (B) Western blot detection of MEL1 treated
with the PNGase F enzyme. (C) Activity of MEL1 and MEL1-CAP displayed on the surface of dit1Δ spores. (D) Total enzyme activity in the
spores and medium during sporulation.
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Figure 4. Application of LXYL-P1-2 in the yeast spore surface display system. (A) Western blot analysis of LXYL-P1-2 (92 kDa) and LXYL-P1-2-
CAP (123 kDa) expression in dit1Δ spores using GAPDH as an internal reference. LXYL-P1-2 was treated with the PNGase F enzyme on the right
side. dit1Δ(−) harboring the empty plasmid, dit1Δ(LXYL-P1-2), and dit1Δ(LXYL-P1-2-CAP) representing dit1Δ spores expressing LXYL-P1-2
and LXYL-P1-2-CAP, respectively. (B) CFESEM images of dit1Δ spores without (left) or with (right) LXYL-P1-2-CAP displayed on the spore
surface. Bar, 5 μm (above), 2 μm (below). (C) Activity of displayed LXYL-P1-2-CAP against 5 mM pNP-Xyl. (D) Conversion rate for the
displayed LXYL-P1-2 against 0.5 mM XDT.

Figure 5. Enzymatic properties of LXYL-P1-2-CAP displayed on the spore surface against XDT. Effect of temperature (A) and pH (B) on the
activity of displayed LXYL-P1-2-CAP using free LXYL-P1-2 as a control. (C) Time courses of DT production from XDT at different
concentrations under optimal conditions. (D) Reusability of displayed LXYL-P1-2 with or without CAP.
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the relative activities were all maintained above 60% of the
highest activity. In contrast, the relative activity of free LXYL-
P1-2 was significantly decreased, and the activity was retained
below 40%. It is worth noting that the free enzyme almost lost
its activity in acetonitrile, ethanol, ethyl acetate, ether, or
trichloromethane, while the spore displaying LXYL-P1-2-CAP
maintained more than 60% relative activity under the same
conditions. To further explore the resistance mechanism to
organic reagents, acetonitrile was selected because the
tolerance of spore-displaying enzymes to this reagent was the
highest. When the purified spores were lyophilized and treated
with anhydrous acetonitrile (100%), the surface of the spores
was shrunken according to the CFESEM results (Figure 6C).
In contrast, after treatment with 75% acetonitrile, the
lyophilized spores began to swell due to the absorption of
water, and the shape of the spores became spherical. Therefore,
we suspected that in the presence of 75% acetonitrile, a film of
water was formed at the surface of spore “chitosan beads”,
which provided an aqueous environment for the displayed
enzymes and protected the enzyme from organic reagents.
In summary, a novel and useful protein surface display

system based on “chitosan beads” of yeast spores was

established. Quite different from the display system using B.
subtilis spores, which uses capsid proteins of the spore wall as
anchor proteins, a chitosan affinity protein was identified and
adopted as a scaffold to efficiently and stably display the target
protein on the chitosan layer of yeast spores in this study. Our
method avoids displaying proteins embedded in the membrane
or folded intracellularly and allows more proteins to be
displayed on the spore surface. To our delight, this surface
display system showed high stress resistance, reusability, and
excellent tolerance to organic reagents. The practicability of
this surface display system was also verified for the semisyn-
thesis of paclitaxel intermediate DT. Based on the well-proven
utility of this system, this approach can be easily extended to
the immobilization of other enzymes, especially for multimeric
macromolecular proteins of eukaryotic origin. Compared with
most nanomaterials for enzyme immobilization requiring the
preparation of pure enzyme, the natural “chitosan beads” of
yeast spores serve as a potential engineering living material
(ELM), which can achieve protein expression and immobiliza-
tion during the sporulation process. We believe that this
surface display platform will have a wide range of applications,

Figure 6. Resistance of LXYL-P1-2-CAP displayed on the spore surface toward diverse environmental stresses compared with free LXYL-P1-2. (A)
Tolerances of displayed LXYL-P1-2-CAP toward proteinase K. (B) Tolerances of displayed LXYL-P1-2-CAP toward 75% organic reagents. (C)
CFESEM images of the surface of lyophilized purified spores displaying LXYL-P1-2-CAP treated with 75% acetonitrile (left) or anhydrous
acetonitrile (right).
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benefiting the fields of biocatalysis, environmental protection,
and the food and pharmaceutical industries.
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